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ABSTRACT 
The Space-Stat ion uses smal l  r o c k e t  motors, c a l l e d  t h r u s t e r s ,  f o r  o r i -  
e n t a t i o n  c o n t r o l .  Because o f  t h e  l a c k  o f  v i a b l e  des ign  too ls  f o r  smal l  
r o c k e t s ,  t h e  i n i t i a l  t h r u s t e r  des ign  was b a s i c a l l y  a v e r y  smal l  v e r s i o n  o f  a 
l a r g e  r o c k e t  motor. T h r u s t  measurements o f  t h e  i n i t i a l  des ign  w e r e  lower  then  
p r e d i c t e d .  To improve p r e d i c t i o n s  i t  was dec ided  t o  deve lop  a v e r s i o n  o f  t h e  
RPLUSZD r e a c t i n g  f low code for  t h r u s t e r  c a l c u l a t i o n s .  RPLUSZD employs an imp- 
l i c i t  f i n i t e  volume, lower-upper symmetric success ive  o v e r r e l a x a t i o n  (LU-SSOR) 
scheme f o r  s o l v i n g  the  complete two-d imensional  Navier -Stokes equa t ions  and 
b u s t i o n  processes a re  modeled by a 9-species,  18 s t e p  f i n i t e - r a t e  c h e m i s t r y  
The code i n  t h i s  work i s  extended t o  hand le  m u l t i p l e  subson ic  i n l e t  c o n d i t i o n s  
where t h e  t o t a l  mass flow i s  governed by  c o n d i t i o n s  c a l c u l a t e d  a t  t h e  
t h r u s t e r - t h r o a t .  
m i x t u r e  r a t i o  i s  hydrogen r i c h .  A c a l c u l a t i o n  o f  a l a r g e  a r e a  r a t i o  d i v e r g e n t  
nozz le  i s  a l s o  presented .  
cu species t r a n s p o r t  equa t ions  i n  a coup led  and v e r y  e f f i c i e n t  manner. The com- 
m m 
d- 
W 
I model, and t h e  t u r b u l e n c e  i s  s imu la ted  by a Baldwin-Lomax a l g e b r a i c  model. 
Resu l t s  a r e  shown for  a t h r u s t e r  des ign  where t h e  o v e r a l l  
INTRODUCTION 
For the space s t a t i o n  r e l a t i v e l y  small rocket  engines ,  ca l l ed  t h r u s t e r s ,  
are  needed f o r  a t t i t u d e  c o n t r o l .  Us ing  c u r r e n t  success fu l  des igns  f o r  l a r g e  
r o c k e t s  and t h e  TDK code (wh ich  i s  based on t h e  method o f  c h a r a c t e r i s t i c s )  a 
t h r u s t e r  was des igned,  b u i l t  and t e s t e d .  T h r u s t  measurements o f  t h e  smal l  
r o c k e t  motor were about  10 p e r c e n t  lower  than  p r e d i c t e d .  A s  t h e  t h r u s t e r s  may 
be expected t o  opera te  f o r  l o n g  p e r i o d s  o f  t i m e  t h i s  e r r o r  can have a l a r g e  
e f f e c t .  I n  a d d i t i o n ,  i t  i s  v e r y  c o s t l y  and t ime-consuming to  des ign ,  f ab -  
r i c a t e ,  and t e s t  r o c k e t  eng ines .  To c u t  down on c o s t s  more a c c u r a t e  p r e d i c -  
t i o n s  a r e  needed. Severa l  sources o f  e r r o r  were i d e n t i f i e d .  F i r s t ,  t h e  TDK 
code does n o t  p r e d i c t  t h e  boundary l a y e r  as a c c u r a t e l y  as needed for  t h r u s t e r s .  
The TDK code c a l c u l a t e s  the  f l o w f i e l d  i n  two passes. I n  t h e  f i r s t  pass, no 
boundary l a y e r  i s  c a l c u l a t e d ,  t hen  t h e  f low i s  c o r r e c t e d  f o r  a boundary l a y e r  
i n  the  second pass.  The boundary l a y e r  has a much l a r g e r  e f f e c t  i n  t h e  r a t h e r  
smal l  t h r u s t e r ,  so c a l c u l a t i n g  t h e  boundary l a y e r  i n  t h i s  manner i s  n o t  accu- 
r a t e  enough. Secondly, t h e  TDK code separa tes  t h e  flow i n t o  separa te  f low- 
streams. Unless a l a r g e  number of f lowstreams i s  s p e c i f i e d ,  no  m i x i n g  i s  
a l l owed  between f lowstreams.  Th is  causes a l a r g e  demand on computer resources .  
F i n a l l y ,  t h e  TDK code uses an e q u i l i b r i u m  c h e m i s t r y  model, which w i l l  t end  t o  
o v e r p r e d i c t  m i x i n g  and t h e  e x t e n t  o f  chemical r e a c t i o n s .  
t h e  cons tan ts  i n  t h e  TDK code to  c o r r e c t l y  p r e d i c t  t h e  f low f i e l d s  i n  
t h r u s t e r s ,  i t  was dec ided t o  deve lop  a more e f f i c i e n t  modern code. A f t e r  a 
p e r i o d  o f  s tudy ,  t h e  RPLUS2D code was chosen fo r  development. RPLUSZD has 
p r e v i o u s l y  been developed for  t h e  s tudy  o f  m i x i n g  and chemical  r e a c t i o n s  i n  
f l o w  f i e l d s  o f  r a m j e t s  and sc ramje ts .  
Rather  than a d j u s t  
0 
0 
0 
RPLUS2D employs an i m p l i c i t  f i n i t e  volume, lower-upper  s y m m e t r i c  over -  
r e l a x a t i o n  (LU-SSOR) scheme for  s o l v i n g  t h e  complete two-dimensional Nav ie r -  
Stokes equa t ions  and spec ies  t r a n s p o r t  equa t ions  i n  a coup led  manner, w i t h  
r e a l  gas p r o p e r t i e s .  The LU-SSOR techn ique was o r i g i n a l l y  proposed by Jameson 
and Tu rke l  ( r e f .  1 )  and developed by Yoon and Jameson ( r e f .  2 ) .  The code was 
extended to  t r e a t  c h e m i c a l l y  r e a c t i n g  flows by Shuen and Yoon ( r e f .  3 ) .  The 
LU-SSOR scheme t r e a t s  t h e  i n v i s c i d  f l u x  and chemical  source t e r m s  i m p l i c i t l y ,  
b u t  the  v i scous  t e r m  e x p l i c i t l y .  Desp i te  be ing  i m p l i c i t ,  t h e  LU scheme req-  
u i r e s  o n l y  s c a l a r  i n v e r s i o n s  f o r  n o n r e a c t i n g  f lows and b lock-d iagona l  i n v e r s i o n  
f o r  r e a c t i n g  f lows, which saves c o n s i d e r a b l e  CPU t i m e  w i t h o u t  u s i n g  a d iag -  
o n a l i z a t i o n  Drocedure.  Fur thermore ,  because o f  t h e  s p e c i a l  s t r u c t u r e  o f  t h e  
two L and U 
most o t h e r  
, i=1,2, . . . ,  Ns-i. 
l e f t - h a n d  s i d e  (LHS) LU o p e r a t o r s  i n  t h e  LU-SSOR scheme, t h e  
o p e r a t o r s  can be f u l l y  v e c t o r i z e d  w h i l e  the  LHS o p e r a t o r s  i n  
schemes a r e  n o t  f u l l y  v e c t o r i z a b l e .  i m p l i c i t  
The 
chem c a l  
g i v e n  by 
where 
GOVERNING EQUATIONS 
two-d imensional  Nav ie r  Stokes and species t r a n s p o r t  
y r e a c t i n g  f low w i t h  Ns spec ies ,  i n  C a r t e s i a n  coord  
equa t ions  ( 1 )  and ( 2 ) .  
w =  
F,= 
s =  
I F =  , G -  
equa t ions  f o r  a 
na tes ,  a r e  
2 
The d i f f u s i o n  v e l o c i t i e s  a r e  found by F i c k ' s  law 
- 
Y i U i  = 
- 
Y i V i  = - 
Byi 
D i m  ay 
D i m  = (1 - X i > /  C ( X j / D i j )  
j z i  
where D i m  i s  t h e  b i n a r y  d i f f u s i v i t y  for  spec ies  i i n  t h e  gas m i x t u r e .  
The tempera ture  and p ressu re  a r e  c a l c u l a t e d  i t e r a t i v e l y  from t h e  f o l l o w i n g  
e q u a t i o n s :  
Here Y j ,  X i  and M i  a r e  t h e  mass f r a c t i o n ,  mo lar  f r a c t i o n  and 
mo lecu la r  w e i g h t  for spec ies  i .  
THERMODYNAMIC AND TRANSPORT MODELS 
The s p e c i f i c  h e a t ,  thermal  c o n d u c t i v i t y  and v i s c o s i t y  f o r  each spec ies  
a r e  de termined by f o u r t h - o r d e r  po lynomina ls  o f  tempera ture ,  such as:  
C = A i  + B i T  + C i T 2  + D i T 3  + E i T 4  
Pi 
3 
The c o e f f i c i e n t s  o f  these po lynomina ls  a r e  s u p p l i e d  by McSride ( r e f .  4 )  and 
a re  v a l i d  up to  a tempera ture  o f  6000 K .  
i s  o b t a i n e d  by c o n c e n t r a t i o n  we igh t i 'ng  o f  each spec ies .  
t i v i t y  and v i s c o s i t y  o f  t h e  m i x t u r e ,  however, a re  c a l c u l a t e d  u s i n g  W i l k e ' s  
m i x i n g  r u l e  ( r e f .  5 ) .  
The s p e c i f i c  h e a t  o f  t h e  gas m i x t u r e  
The thermal  conduc- 
The b i n a r y  mass d i f f u s i v i t y  D between spec ies  i and j i s  
o b t a i n e d  u s i n g  t h e  Chapman-Enskog t Ai e o r y  i n  c o n j u c t i o n  w i t h  t h e  Lennard-Jones 
i n t e r m o l e c u l a r  p o t e n t i a l - e n e r g y  f u n c t i o n s  ( r e f .  5). The d i f f u s i o n  o f  a 
species i n  the  gas m i x t u r e  i s  approx imated by F i c k ' s  Law, i . e . ,  t r e a t i n g  t h e  
species i and t h e  su r round ing  gas as a b i n a r y  gas m i x t u r e ,  and t h e  d i f f u s i o n  
v e l o c i t y  f o r  each spec ies  i s  c a l c u l a t e d  u s i n g  equa t ion  ( 2 ) .  
CHEMISTRY MODELS 
I n  the  p r e s e n t  s tudy ,  t h e  f i n i t e - r a t e  r e a c t i o n  o f  hydrogen and a i r  a r e  
cons idered f o r  t h e  c h e m i s t r y  model. The r e a c t i o n  model o f  Brabbs ( r e f .  6) i s  
used. Th is  model employs 9 spec ies  and 18 e lementary  r e a c t i o n s .  N i t r o g e n  i s  
t r e a t e d  as an i n e r t  spec ies .  N i t r o g e n  was n o t  s p e c i f i e d  for  the  t h r u s t e r  
c a l c u l a t i o n .  For a s e t  o f  N R  e lementary  r e a c t i o n s  i n v o l v i n g  N spec ies ,  
t he  r a t e  equa t ions  can be w r i t t e n  i n  the  f o l l o w i n g  genera l  form: I i 
I Here C j  i s  t h e  mo 
r a t e  c o n s t a n t  kf 
i 
Ar rhen i  u 
where E 
s t a n t s .  
r e a c t i o n  
The r a t e  
g i v e n  by 
a r  c o n c e n t r a t i o n  of t h e  j t h  spec ies .  The fo rward  r e a c t i o n  
f o r  t h e  i t h  e lementary  r e a c t i o n  i s  g i v e n  by t h e  
equa t ion  : 
Bi 
kf = AiT exp (-Ei/RT) ( 7 )  
rep resen ts  t h e  a c t i v a t i o n  energy,  and A i  and 61 a r e  con- 
The backward r e a c t i o n  r a t e  c o n s t a n t  i s  c a l c u l a t e d  u s i n q  t h e  f o r w a r d  - 
r a t e  cons tan t  and t h e  e q u i l i b r i u m  c o e f f i c i e n t  k i ,  
kbi = kfi 1 ki 
o f  change o f  mo lar  c o n c e n t r a t i o n  o f  species j by r e a c t i o n  i i s  
4 
The t o t a l  r a t e  o f  change o f  molar  c o n c e n t r a t i o n  o f  spec ies  j i s  t hen  
g i v e n  by 
the  chemical  source t e r m s  can be found from 
W j  = C j M j  
TURBULENCE MODEL 
The ze ro -equa t ion  a l g e b r a i c  t u r b u l e n c e  model developed by Baldwin-Lomax 
( r e f .  7 )  i s  used. Th is  model i s  a two- laye r  model i n  which an eddy v i s c o s i t y  
i s  c a l c u l a t e d  f o r  an i n n e r  and o u t e r  r e g i o n .  I n  b o t h  o f  t h e  r e g i o n s  t h e  
d i s t r i b u t i o n  o f  v o r t i c i t y  i s  used t o  de termine t h e  l e n g t h  sca les .  The p r i m a r y  
advantage o f  t h i s  model i s  i t s  s i m p l i c i t y  and t h a t  boundary l a y e r  t h i c k n e s s  
does n o t  need t o  be c a l c u l a t e d .  
NUMERICAL TECHNIQUE 
Many numer i ca l  t echn iques  have been used to s o l v e  t h e  s e t  o f  equa t ions  
gove rn ing  c h e m i c a l l y  r e a c t i n g  flows. Among these techn iques ,  t h e  e x p l i c i t  
schemes a r e  g e n e r a l l y  slow i n  convergence when t h e  f low i n v o l v e s  h i g h  r a t e s  o f  
h e a t  r e l e a s e  or zones o f  r e c i r c u l a t i o n .  Most i m p l i c i t  schemes, on t h e  o t h e r  
hand, r e q u i r e  t h e  i n v e r s i o n  o f  b l o c k  m a t r i c e s  and become exceed ing ly  expens ive  
when t h e  chemical  s y s t e m  i n v o l v e s  a l a r g e  number o f  spec ies .  I n  t h e  p r e s e n t  
s tudy ,  t h e  lower-upper  symmetric o v e r r e l a x a t i o n  (LU-SSOR) scheme o f  Yoon and 
Jameson2 i s  adopted t o  s o l v e  t h e  two-d imensional  Navier -Stokes and spec ies  
t r a n s p o r t  e q u a t i o n s .  The LU-SSOR scheme employs i m p l i c i t  Newton i t e r a t i o n  
techn ique  t o  s o l v e  t h e  f i n i t e - v o l u m e  approx ima t ion  o f  t h e  s teady -s ta te  v e r s i o n  
o f  t h e  gove rn ing  e q u a t i o n s .  The convergence o f  t h e  Newton i t e r a t i o n  method i s  
assured by t h e  d iagona l  dominance o f  t h e  c o e f f i c i e n t  m a t r i c e s  o f  t h e  LU-SSOR 
scheme. The d e t a i l e d  d e r i v a t i o n s  o f  t h e  LU-SSOR scheme for  n o n r e a c t i n g  and 
r e a c t i n g  f lows can be found i n  r e f e r e n c e s  2 and 3, r e p s e c t i v e l y .  The f i n a l  
d i s c r e t i z e d  form o f  t h e  equa t ions  f o r  c h e m i c a l l y  r e a c t i n g  f lows a re  g i v e n  by 
B- - T] k x + A -  + D +B- + A+ + B+ 6 W  Y 1 
where t h e  Jacoabian m a t r i c e s  A ,  6 and T a r e  d e f i n e d  by 
5 
chem 
( r e f  
chem 
t i m e  
a F  A == -, aw 
a G  B - -  aw 
as 
aw T = -  
Here because o f  t h e  s t i f f n e s s  o f  the  equa t ions  f o r  r e a c t i n g  f lows, t h e  
c a l  source terms have been t r e a t e d  i m p l i c i t l y .  Buss ing  and Murman 
8 > ,  and Eklund e t  a l .  ( r e f .  9)  have shown t h a t  i m p l i c i t  t r e a t m e n t  o f  
c a l  source terms i s  e q u i v a l e n t  t o  r e s c a l i n g  t h e  gove rn ing  equa t ions  i n  
and thus  s t a b l i z e s  t h e  numer ica l  scheme. 
he 
- - 
I n  equa t ion  ( 1 2 ) ,  D x  
and Dy a r e  f o r w a r d  d i f f e r e n c e  o p e r a t o r s .  A+,  A-, B+ and 6- a r e  
c o n s t r u c t e d  so t h a t  t he  e igenva lues  of "+'I m a t r i c e s  a r e  nonnegat ive  and those 
o f  "- ' I  m a t r i c e s  a r e  n o n p o s i t i v e ,  as fo l lows:  
and D,, a r e  backward d i f f e r e n c e  o p e r a t o r s  and Dx+  
i- 
where 
Here, XA and XB r e p r e s e n t  e igneva lues  o f  Jacob ian  m a t r i c e s .  
A f t e r  expanding o u t  t h e  d i f f e r e n c e  o p e r a t o r s  on t h e  LHS, e q u a t i o n  (12)  
becomes 
( 1 6 )  
1 7 I + 7  I + A -  - B- [7A1 + 7B1 - A+ i -1 , j  i , j - 1  - Ti , j )  [ A  B i + l , j  i , j + l  - B+ 
= - PA + T ~ ) [ D ~ ( F  - F ~ ) "  + D ( G  - ~ ~ ) n  - sn] 
Y 
I t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  for n o n r e a c t i n g  flows (S = 0 and T = 0 i n  
eq. ( 1 6 ) )  t he  p r e s e n t  numer ica l  method e l i m i n a t e s  t h e  need for banded b l o c k  
m a t r i x  i n v e r s i o n s  w i t h o u t  u s i n g  a d i a g o n a l i z a t i o n  procedure.  I n  f a c t ,  w i t h  a 
f o r w a r d  d iagona l  sweep for t h e  i n v e r s i o n  of t h e  f i r s t  o p e r a t o r  and a backward 
d iagona l  sweep for t h e  i n v e r s i o n  of t h e  second o p e r a t o r ,  o n l y  s c a l a r  d iagona l  
i n v e r s i o n s  a r e  needed t o  s o l v e  equa t ion  (16)  for  n o n r e a c t i n g  f low problems.  
For r e a c t i n g  flows, due t o  t h e  presence of t h e  chemical  source Jacob ian  
T ,  t h e  first o p e r a t o r  on t h e  l e f t -hand  s i d e  o f  equa t ion  (16)  now r e q u i r e s  
b l o c k  d iagona l  i n v e r s i o n s .  However, s ince  i n  t h e  p resen t  f o r m u l a t i o n  t h e  f low 
equa t ions  ( c o n t i n u i t y ,  momentum, and energy equa t ions )  have no source terms, 
6 
t h e  f i r s t  f o u r  rows o f  t h e  d iagona l  b l o c k  o f  t h i s  o p e r a t o r  have nonzero t e r m s  
o n l y  i n  t h e  d i a g o n a l .  A s  a r e s u l t ,  t h e  f i r s t  o p e r a t o r  o f  e q u a t i o n  (16)  can be 
i n v e r t e d  i n  e s s e n t i a l l y  two separa te  s teps :  t h e  s c a l a r  d iagona l  m a t r i x  
i n v e r s i o n  for  t h e  f low equa t ions  and t h e  b l o c k  d iagona l  m a t r i x  i n v e r s i o n  f o r  
t h e  spec ies  equa t ions .  I n  c o n t r a s t ,  most o t h e r  i m p l i c i t  schemes r e q u i r e  b l o c k  
banded ( t r i d i a g o n a l  or pen tad iagona l )  m a t r i x  i n v e r s i o n s  f o r  b o t h  o p e r a t o r s  f o r  
e i t h e r  t h e  r e a c t i n g  or n o n r e a c t i n g  flows. Here, two advantages i n  e f f i c i e n c y  
a r e  o b t a i n e d  by t h e  LU-SSOR scheme o v e r  o t h e r  i m p l i c i t  schemes: ( a )  t h e  b l o c k  
s i z e  i s  s m a l l e r  i n  t h e  LU-SSOR scheme. S ince  t h e  o p e r a t i o n a l  count  i s  prop-  
o r t i o n a l  t o  N 3  f o r  i n v e r t i n g  a N x N m a t r i x ,  t h e  sav ing  i n  CPU t i m e  can be 
s i g n i f i c a n t ;  ( b )  t h e  o p e r a t i o n a l  count  f o r  i n v e r t i n g  a b l o c k  d iagona l  m a t r i x  
i s  o n l y  a f r a c t i o n  o f  t h a t  f o r  i n v e r t i n g  a b l o c k  banded m a t r i x .  
Another  i m p o r t a n t  e f f i c i e n c y  advantage o f  the  LU-SSOR scheme i s  t h e  vec- 
t o r i z a b i l i t y  o f  i t s  i m p l i c i t  o p e r a t o r s .  For example, t h e  i n v e r s i o n  o f  t h e  two 
LHS o p e r a t o r s  o f  equa t ions  (16)  can be f u l l y  v e c t o r i z e d  i f  t h e  s o l u t i o n  sweeps 
a r e  taken a l o n g  the  d iagona l  d i r e c t i o n s  ( t h e  d i r e c t i o n s  t h a t  i + j inc reases  
or dec reases ) .  I t  i s  no ted  t h a t  t h e  v e c t o r i z a b i l i t y  i s  r a t h e r  un ique t o  t h e  
LU scheme, and, f e w  o t h e r  i m p l i c i t  scheme can have t h e  LHS o p e r a t o r s  f u l l y  
v e c t o r i z e d .  The v e c t o r i z a b i l i t y  o f  t h e  LHS o p e r a t o r s  i s  p a r t i c u l a r l y  s i g -  
n i f i c a n t  f o r  r e a c t i n g  f low c a l c u l a t i o n s ,  s i n c e  t h e  most t ime-consuming 
o p e r a t i o n  o f  i n v e r t i n g  t h e  chemical  source Jacob ian  m a t r i x  can then  be 
executed  s i m u l t a n e o u s l y  for  a l a r g e  number o f  p o i n t s  on t h e  same v e c t o r  p lane ,  
r e s u l t i n g  i n  a l a r g e  sav ing  o f  CPU t ime .  
GEOMETRY AND BOUNDARY CONDITIONS 
A un ique subson ic  i n l e t  c o n d i t i o n  procedure  for  c h e m i c a l l y  r e a c t i n g  f lows 
has been developed i n  t h i s  s tudy  for t h e  convergen t -d i ve rgen t  n o z z l e  c a l c u l a -  
t i o n s .  A s  t o t a l  mass f low th rough  t h e  t h r u s t e r  i s  de termined by c o n d i t i o n s  a t  
t h e  t h r u s t e r - t h r o a t ,  t h e  i n l e t  v e l o c i t i t e s  c o u l d  n o t  be s p e c i f i e d .  The t o t a l  
e n t h a l p y  and mass f r a c t i o n s  a r e  s p e c i f i e d  a t  t h e  i n l e t  and v e l o c i t y  i s  e x t r a p -  
o l a t e d  from t h e  i n t e r i o r .  The p ressu re  i s  o b t a i n e d  u s i n g  an i s e n t r o p i c  
r e  1 a t  i ons h i p . 
The subsonic  i n f l o w  boundary c o n d i t i o n  procedure i s  b r i e f l y  o u t l i n e d  i n  
t h e  f o l l o w i n g .  
Step 1 :  
The i s e n t r o p i c  assumpt ion a t  t h e  i n f l o w  g i v e s  
dP dh = - 
P 
which can be w r i t t e n  as 
C!, dT d P  - R -  
T P 
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By assuming f rozen  spec ies  compos i t i on ,  t h e  gas cons tan t ,  R ,  
c o n s t a n t ,  and thus  e q u a t i o n  (18) can be i n t e g r a t e d  to  y i e l d  a r e l a  
between tempera ture ,  T ,  and p ressu re ,  p ,  a t  t h e  i n f l o w ,  
s a  
i o n s h i p  
I n  equa t ion  ( 1 9 )  t h e  po lynomina l  f u n c t i o n  o f  T f o r  Cp i s  u l t i l i z e d  
t o  o b t a i n  an e x p l i c i t  form r e l a t i n g  T and p .  
Step 2 :  
Step v = 0 ,  and e x t r a p o l a t e  u from i n t e r i o r .  Wi th  known t o t a l  e n t h a l p y ,  
t he  s p e c i f i c  e n t h a l p y  can then be c a l c u l a t e d .  
Step 3 :  
Us ing  e q u a t i o n s  ( 4 )  and ( 1 9 ) ,  temperature and p ressu re  a r e  o b t a i n e d ,  and 
d e n s i t y  i s  t hen  c a l c u l a t e d  from t h e  e q u a t i o n  o f  s t a t e .  
For t h e  t e s t  problems cons ide red  he re ,  t h e  outflows a re  always superson ic ,  
hence, t h e  dependent v a r i a b l e s  a r e  e x t r a p o l a t e d  from t h e  i n t e r i o r .  A long t h e  
s o l i d  w a l l ,  n o - s l i p  c o n d i t i o n s  a r e  s p e c i f i e d .  The w a l l  i s  assumed a d i a b a t i c .  
A long a p lane  o f  symmetry, t h e  normal d e r i v a t i v e  o f  a l l  dependent v a r i a b l e s  
a r e  zero ,  except  f o r  v v e l o c i t y ,  where v = 0 i s  s p e c i f i e d .  
The c o n f i g u r a t i o n  used f o r  t h e  smal l  t h r u s t e r  s i m u l a t i o n  i s  t h e  downsized 
r o c k e t  engine des ign  w i t h  a l a r g e  expansion nozz le .  A schematic i s  shown i n  
f i g u r e  1 .  Oxygen and hydrogen a r e  used f o r  p r o p e l l a n t s .  A s u r p l u s  o f  hydrogen 
was used fo r  w a l l  c o o l i n g  as w e l l  as g r e a t e r  t h r u s t .  The t h r u s t e r  i n l e t  has 
two i n l e t  zones. The core f l o w  c o n s i s t s  o f  gaseous hydrogen and oxygen a t  an 
equ iva lence  r a t i o  of 0 .5.  The second i n l e t  flow i s  pure hydrogen used fo r  
d i r e c t  w a l l  c o o l i n g .  Approx ima te l y ,  5 p e r c e n t  o f  t h e  o u t e r  i n l e t  a rea  i s  used 
fo r  the  second i n l e t  f low. The two i n l e t  f lows a re  separated by a c y l i n d r i c a l  
s l e e v e  w i t h  m i l l e d  s lo ts  fo r  t h e  hydrogen. The s leeve and combust ion w i t h i n  
t h e  s leeve a re  n o t  modeled i n  t h i s  c a l c u l a t i o n ,  i n s t e a d ,  t h e  c a l c u l a t i o n  s t a r t s  
a t  the  p o i n t  p a s t  t he  s leeve.  I n  t h e  a c t u a l  t h r u s t e r  combustion i s  i n i t i a t e d  
by an i g n i t e r .  The i g n i t e r  i s  o n l y  used momentar i l y  as t h e  r e a c t i o n  i s  s e l f  
s u s t a i n i n g .  The i n l e t  i s  r a t h e r  warm as t h e  p r o p e l l a n t s  w e r e  i n i t i a l l y  used 
fo r  w a l l  c o o l i n g .  Th is  causes r a t h e r  h i g h  temperatures for the  combustion 
p roduc ts  i n  the  co re  zone. I n  t h e  c a l c u l a t i o n  t h e  core  f l o w  i s  modeled by a 
3000 K m i x t u r e  o f  oxygen and combust ion p roduc ts  ( t a b l e  I > .  The i n l e t  cond i -  
t i o n s  came from a sequence o f  i n i t i a l  runs .  The f i r s t  c a l c u l a t i o n  used equ i -  
l i b i r i u m  m i x t u r e .  
r a t e  chemis t r y  model i n  t h e  code. 
f o r w a r d  c e n t e r l i n e  were used for success ive  c a l c u l a t i o n s .  A 1 . 5  i n .  l o n g  
combustion chamber i s  p r o v i d e d  where t h e  oxygen r i c h  core  f low and w a l l  c o o l i n g  
hydrogen can r e a c t .  The f low i s  then a c c e l e r a t e d  th rough a converg ing-  
d i v e r g i n g  n o z z l e .  The expansion r a t i o  used i n  t h e  a c t u a l  t h r u s t e r  was around 
Th is  m i x t u r e  then changed due to  t h e  use o f  a f i n i t e  
M i x t u r e  f r a c t i o n  va lues  a l o n g  t h e  
a 
. 
100, For t h e  p resen t  two-d imensional  r e c t a n g u l a r  c a l c u l a t i o n  an a rea  expansion 
r a t i o  o f  4 . 2  i s  used. The g r i d  for t h e  c a l c u l a t i o n  i s  shown i n  f i g u r e  2.  The 
g r i d  i s  f i n e r  near t h e  w a l l s  for  improved c a l c u l a t i o n  o f  v i scous  e f f e c t s  and 
the  m i x i n g  and chemical  r e a c t i o n s  o f  t h e  shear l a y e r .  
A second c a l c u l a t i o n  i s  a l s o  p resen ted .  T h i s  i n v o l v e s  a l a r g e  a r e a - r a t i o  
expansion n o z z l e .  The a rea  r a t i o  i s  a p p r o x i m a t e l y  2O:l and i s  genera ted  by a 
p a r t i a l  s i n e  cu rve .  The i n l e t  Mach number o f  1.1 i s  s p e c i f i e d .  The tempera- 
t u r e  and spec ies  c o n c e n t r a t i o n s  a r e  s i m i l a r  t o  t h e  co re  f low f o r  t h e  t h r u s t e r .  
The species c o n c e n t r a t i o n s  were genera ted  u s i n g  t h e  e q u i l i b i u m  code o f  Gordon 
and McBride ( r e f .  12 ) .  An i n e r t  f r a c t i o n  of 80 p e r c e n t  n i t r o g e n  was s p e c i f i e d .  
The i n l e t  spec ies  f r a c t i o n s  a r e  l i s t e d  i n  t a b l e  I. 
RESULTS AND DISCUSSION 
Small t h r u s t e r  
A con tou r  p l o t  o f  Mach number for  t h e  smal l  t h r u s t e r  c a l c u l a t i o n  i s  shown 
i n  f i g u r e  3 .  Mach number i nc reases  a l o n g  f l u i d  f l owpa th .  Mach number con tou rs  
a r e  remarkab ly  s i m i l a r  to  o t h e r  c a l c u l a t i o n s  of t h i s  t h r u s t e r  geometry, whether 
they  i n v o l v e  r e a c t i o n  or n o t .  
a long  t h e  e x i t  c e n t e r l i n e .  Approx ima te l y  2 1 3  of t h e  way th rough  t h e  converg ing  
p a r t  o f  t h e  nozz le  t h e  maximum Mach number ( a t  a f i x e d  a x i a l  d i s t a n c e )  changes 
from o c c u r r i n g  a long  t h e  c e n t e r l i n e  t o  approx ima te l y  85 p e r c e n t  o f  t h e  t r a n s -  
verse  d i s t a n c e  t o  t h e  t h r u s t e r  w a l l .  Th is  i n c r e a s e  i n  Mach number a t  t h i s  
l o c a t i o n  i s  caused by t h e  r e d u c t i o n  i n  flow a r e a  e s p e c i a l l y  f o r  t h e  o u t e r  flow. 
The maximum Mach number i s  2.699 and occu rs  
A con tou r  p l o t  o f  the  p ressu re  f i e l d  i s  shown i n  f i g u r e  4. P ressu re  dec- 
reases a long  f l u i d  f l o w p a t h .  The h i g h e s t  p ressu re  i s  f ound  i n  t h e  a rea  of 
hydrogen i n j e c t i o n .  Pressure  i nc reases  s l i g h t l y  w i t h  i n c r e a s i n g  r a d i a l  
d i s t a n c e  i n  t h e  converg ing  p o r t i o n  of t h e  t h r u s t e r  n o z z l e .  Pressure  i s  lower  
c l o s e r  t o  t h e  t h r u s t e r  w a l l  i n  t h e  i n i t i a l  expansion.  Pressure  then  becomes 
s l i g h t l y  h i g h e r  near  t h e  w a l l s  where v e l o c i t y  i s  l owes t .  The l o w e s t  p ressu re  
occurs  a t  t h e  e x i t  c e n t e r l i n e  ( t h e  p o i n t  of maximum Mach number). 
Contour  p l o t s  of 02. H2. and H20 a r e  shown i n  f i g u r e s  5 t o  7,  
r e s p e c t i v e l y .  A s  expected,  t h e  oxygen mass f r a c t i o n  decreases towards t h e  
t h r u s t e r  w a l l ,  due to  t h e  l a c k  of m i x i n g  i n  t h i s  r e g i o n .  Oxygen c o n c e n t r a t i o n  
does n o t  v a r y  much a l o n g  t h e  n o z z l e  c e n t e r l i n e .  
inc reases  w i t h  dec reas ing  d i s t a n c e  from t h e  t h r u s t e r  w a l l .  The maximum H2 
mass f r a c t i o n  a t  t h e  e x i t  i s  0.97. 
f r a c t i o n  i s  0.455. Much of t h e  oxygen and hydrogen d i d  n o t  m i x ,  caus ing  a 
loss i n  t h r u s t e r  per formance.  A t u r b u l e n c e  model t a i l o r e d  for  a r e a c t i n g  
shear l a y e r  would be more a p p r o p r i a t e  than t h e  model used for t h i s  c a l c u l a t i o n  
( b e t t e r  m i x i n g  would a l s o  be o b t a i n e d  by mode l ing  t h e  t u r b u l e n c e  genera ted  by 
t h e  co re  flow combustion and t h e  a c t u a l  i n l e t  geometry) .  
f r a c t i o n  reaches a t r a n s v e r s e  maximum where t h e  shear l a y e r  i s  r e a c t i n g .  The 
maximum water  f r a c t i o n  i s  0.918 and occurs  a t  t h e  e x i t  o f  t h e  t h r u s t e r  i n  
f i g u r e  7 ( t h e  p l o t t i n g  package t r u n c a t e d  t h e  l i s t  o f  c o n t o u r  l e v e l s ) .  
The hydrogen mass f r a c t i o n  
The maximum c e n t e r l i n e  e x i t  02 mass 
The water  mass 
A con tou r  p l o t  of tempera ture  i s  shown i n  f i g u r e  8. O v e r a l l  tempera ture  
drops th rough  t h e  t h r u s t e r  due t o  expansion and m i x i n g .  The maximum r a d i a l  
tempera ture  a t  t h e  i n l e t  shows up a t  0 . 9  of t h e  t o t a l  r a d i a l  d i s t a n c e .  The 
l o c a t i o n  o f  maximum tempera ture  a t  a f i x e d  a x i a l  d i s t a n c e  moves f u r t h e r  away 
9 
from the  n o z z l e  w a l l  t h rough  t h e  combust ion chamber and the  converg ing  p o r t i o n  
o f  the  n o z z l e .  The maximum r a d i a l  tempera ture  then occurs  a long  the  t h r u s t e r  
c e n t e r l i n e  for  t h e  f i r s t  h a l f  o f  t h e  d i v e r g e n t  s e c t i o n  o f  the  n o z z l e .  I n  t h e  
f i n a l  h a l f  o f  t h e  d i v e r g e n t  s e c t i o n ,  c e n t e r l i n e  thermal  energy i s  more 
comp le te l y  changed t o  k i n e t i c  energy and t h e  l o c a t i o n  o f  maximum tempera ture  
moves away from t h e  c e n t e r l i n e .  The n o z z l e  w a l l  tempera ture  i s  much lower  
than t h e  tempera ture  i n  t h e  m i x i n g  l a y e r  and t h e  co re  f low,  i n d i c a t i n g  t h a t  
t he  hydrogen w a l l  j e t  has w e l l  served as c o o l i n g  p r o t e c t i o n  f o r  t h e  w a l l .  
OH mass f r a c t i o n  con tou rs  a r e  shown i n  f i g u r e  9 .  The maximum OH mass 
f r a c t i o n  occu rs  near  t h e  n o z z l e  w a l l .  Th i s  does n o t  occu r  e x a c t l y  where t h e  
maximum (sometimes l o c a l )  r a d i a l  tempera ture  does, b u t  s l i g h t l y  c l o s e r  t o  t h e  
t h r u s t e r  w a l l  where t h e  hydrogen mass f r a c t i o n  i s  h i g h e r .  The l o c a t i o n  o f  
maximum water  c o n c e n t r a t i o n  i s  a l s o  s l i g h t l y  c l o s e r  t o  the  t h r u s t e r  w a l l .  
D I V E R G I N G  NOZZLE 
The p ressu re  con tou rs  a r e  shown i n  f i g u r e  10. Pressure  decreases w i t h  
a x i a l  d i s t a n c e .  The p ressu re  con tou rs  a r e  p a r a b o l i c  i n  shape. Th is  same 
shape i s  shown by t h e  Mach con tou rs  i n  f i g u r e  1 1 ,  except  near  t h e  w a l l ,  where 
v i scous  e f f e c t s  p redominate .  The maximum Mach number f o r  t h e  d i v e r g i n g  n o z z l e  
i s  4 .103.  
Temperature con tou rs  a r e  shown i n  f i g u r e  12. The l o c a t i o n  o f  maximum 
tempera ture  i s  a t  t h e  n o z z l e  w a l l ,  due to  v i scous  h e a t i n g .  I n  t h e  co re  flow 
r e g i o n ,  t emper tu re  i n i t i a l l y  r i s e s  s l i g h t l y .  Th i s  i s  a t t r i b u t e d  t o  rec -  
omb ina t i on  r e a c t i o n s ,  which r e l e a s e  thermal  energy t o  t h e  f low. I t  i s  no ted  
t h a t  t h e  i n i t i a l  l a r g e  amount o f  recomb ina t ion  i s  p a r t l y  due t o  t h e  mismatch 
o f  t h e  e q u i l i b r i u m  compos i t i on  s p e c i f i e d  a t  t h e  i n f l o w  and the  f i n i t e - r a t e  
c h e m i s t r y  model.  
i I n  f i g u r e  13, H20 con tou rs  show a s l i g h t  decrease a t  t h e  i n l e t .  Th i s  i s  due t o  t h e  change o f  tempera ture  and p ressu re  caused by  t h e  f low expansion,  
and t h e  change i n  chemical  r e a c t i o n  models,  u p s e t t i n g  t h e  i n l e t  e q u i l i b r i u m  
compos i t i on .  F u r t h e r  downstream from t h e  i n l e t ,  t h e  chemical  r e a c t i o n s  slow 
down and g r a d u a l l y  reach  t h e  f r o z e n  c h e m i s t r y  c o n d i t i o n ,  as ev idenced by  t h e  
con tou r  p l o t s .  The s l o w i n g  down o f  chemical  r e a c t i o n s  i s  caused by  t h e  
decrease i n  tempera ture  and p ressu re  due t o  expansion.  Most o f  t h e  change i n  
water  mass f r a c t i o n  w i t h  r a d i a l  d i s t a n c e  occu rs  near  t h e  nozz le  w a l l ,  due t o  
t h e  l a r g e  tempera ture  change near  t h e  w a l l .  The hydrogen, oxygen and hyd roxo l  
c o n c e n t r a t i o n s  shown i n  f i g u r e s  14 t o  16,  fo l low tempera ture  con tou rs  v e r y  
c l o s e l y .  Oxygen mass f r a c t i o n  i n i t i a l l y  i nc reases  a l o n g  a x i a l  d i r e c t i o n ,  due 
t o  recomb ina t ion  r e a c t i o n s .  Hydroxol  mass f r a c t i o n  i n i t i a l l y  drops t o  
50 p e r c e n t  o f  i n l e t  va lues  and then f u r t h e r  decreases w i t h  dec reas ing  tempera- 
t u r e .  Oxygen mass f r a c t i o n  i nc reases  w i t h  dec reas ing  tempera ture ,  except  f o r  
a smal l  i n i t i a l  change. Monatomic oxygen mass f r a c t i o n ,  shown i n  f i g u r e  17, 
inc reases  r a p i d l y  near  t h e  i n l e t  showing a mismatch i n  the  e q u i l i b r i u m  i n l e t  
c o n d i t i o n  and t h e  f i n i t e - r a t e  c h e m i s t r y  model i n  t h e  code. Near the  nozz le  
s s o c i a t i o n  reac-  
c oxygen does 
chemis t r y  models,  
w a l l ,  monatomic oxygen mass f r a c t i o n  i nc reases ,  due t o  the  d 
t i o n s  caused by h i g h e r  tempera tures  i n  t h i s  r e g i o n .  Monatom 
decrease a long  t h e  n o z z l e  c e n t e r l i n e  a f t e r  t h e  ad jus tment  i n  
due t o  recomb ina t ion  r e a c t i o n s .  
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CONCLUDING REMARKS 
The f l o w f i e l d s  i n  c o n v e r g i n g - d i v e r g i n g  duc ts  and superson ic  nozz les  have 
been ana lyzed u s i n g  a comprehensive r e a c t i n g  flow code. The c a l c u l a t i o n s  show 
t h e  hydrogen w a l l  c o o l i n g  t o  be e f f e c t i v e  for  an i n i t i a l  hyd rogen- r i ch  t h r u s t e r  
des ign .  A c a l c u l a t i o n  for  a d i v e r g i n g  n o z z l e  a l s o  shows t h e  code t o  be capab le  
o f  c a l c u l a t i n g  r e a c t i n g  n o z z l e  f low where t h e  change i n  a rea  r a t i o  i s  l a r g e .  
The r e s u l t s  i n d i c a t e  t h a t  t h e  q u a l i t i t a t i v e  f e a t u r e s  o f  t h e  f l o w f i e l d  and 
chemical  r e a c t i o n s  a r e  w e l l  rep resen ted  by t h e  c a l c u l a t i o n s .  However, m i x i n g  
between t h e  w a l l  c o o l i n g  H2 j e t  and t h e  h o t  gas i n  t h e  core r e g i o n  f o r  t h e  
smal l  t h r u s t e r  i s  u n d e r p r e d i c t e d .  A t u r b u l e n c e  model more s o p h i s t i c a t e d  than 
t h e  Bladwin-Lomax model used i n  t h e  p r e s e n t  s tudy  may be r e q u i r e d  t o  c o r r e c t l y  
p r e d i c t  t h e  m i x i n g  behav io r  o f  t h e  f low. 
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TABLE I. - THRUSTER AND D I V E R G I N G  NOZZLE INLET MASS FRACTIONS 
1 
2 
T h r u s t e r  mass f r a c t i o n s  
0.001 0.438 0.029 0.504 0.0 0.028 0.0 0.0 0.0 
1 .o 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
D i v e r g i n g  nozz le  m a s s  f r a c t i o n s  
0.001 0.078 0.020 0.094 0.0 0.007 0.0 0.0 0.8 
FIGURE 1.  - I N I T I A L  SPACE-STATION THRUSTER DESIGN. 
FIGURE 2. - THRUSTER CALCULATIONS GRID. 
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FIGURE 3. - M C H  N M R  CONTOURS. 
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FIGURE 5 .  - OXYGEN R4SS FRACTION CONTOURS. 
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FIGURE 7. - WATER MASS FRACTION CONTOURS. 
14 
CONTOUR LEVELS 
0.20000 
0.22500 
0.25000 
0.27500 
0.30000 
0.32500 
0.35000 
0.37500 
0.40000 
0.42500 
0.45000 
0.47500 
0.50000 
0.52500 
0.55000 
0.57500 
0.60000 
0.62500 
0.65000 
0.67500 
0.70000 
0.72500 
0.75000 
0.77500 
0.80000 
0.82500 
0.85000 
0.87500 
0.90000 
0.92500 
0.95000 
0.97500 
I .oooon 
1.02500 
1 
FIGURE 8. - TEWERATURE CONTOURS. 
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FIGURE 9. - HYWXOL MSS FRACTION CONTOURS. 
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FIGURE 13. - WATER MASS FRACTION CONTOURS. 
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FIGURE 14. - HYDROGEN PUSS FRACTION CONTOURS. 
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